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WAVELENGTH CONVERSION LIGHT
SOURCE APPARATUS AND WAVELENGTH
CONVERSION METHOD

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application is based upon and claims the ben-
efit of priority from the prior Japanese Patent Application No.
2008-301840 filed on Nov. 27, 2008 in Japan, the entire
contents of which are incorporated herein by reference.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention relates to a wavelength con-
version light source apparatus and a wavelength conversion
method, and for example, relates to a light source apparatus
which emits light in the ultraviolet region, such as illumina-
tion light used for inspecting a pattern defect of a target object
in manufacturing semiconductors and to a wavelength con-
version method.

[0004] 2. Description of Related Art

[0005] In recent years, with high integration and large
capacity of large scale integrated (L.SI) circuits, the line width
(critical dimension) required for circuits of a semiconductor
element is becoming narrower and narrower. The semicon-
ductor element is manufactured by exposing (transferring) a
pattern onto a wafer to form a circuit by a reduced projection
exposure apparatus, known as a stepper, while using an origi-
nal or “master” pattern with a circuit pattern formed thereon.
(The original pattern is also called a mask or a reticle, and
hereinafter generically referred to as a mask). Therefore, in
manufacturing a mask for transferring such a fine circuit
pattern onto a wafer, a pattern writing apparatus capable of
writing or “drawing” fine circuit patterns needs to be
employed. Pattern circuits may be written directly onto a
wafer by the pattern writing apparatus. A pattern writing
apparatus uses electron beams or laser beams for writing is
under development.

[0006] Since the L.SI manufacturing requires a tremendous
amount of manufacturing cost, it is crucial to improve its
yield. However, as represented by a 1 gigabit DRAM (Dy-
namic Random Access Memory), the order of a pattern con-
stituting an [.SI has been changing from submicron to nanom-
eter dimensions. One of major factors that decrease the yield
of the LSI manufacturing is a pattern defect of a mask used
when exposing (transferring) a fine pattern onto a semicon-
ductor wafer by the photolithography technology. In recent
years, with miniaturization of an LSI pattern formed on a
semiconductor wafer, dimensions of defects to be detected
have become extremely small. Thus, a pattern inspection
apparatus for inspecting defects of a mask for exposure used
in manufacturing L.SI needs to be highly accurate.

[0007] Meanwhile, with development of multimedia tech-
nology, the size of Liquid Crystal Display (LCD) substrates is
becoming larger, e.g. 500 mmx600 mm or greater, and the
size of a pattern such as a Thin Film Transistor (TFT) or the
like formed on the liquid crystal substrate is becoming finer.
Therefore, it is increasingly required that an extremely small
defect of a pattern should be inspected in a large range. For
this reason, development of a pattern inspection apparatus
which efficiently and short-timely inspects defects of a pat-
tern of a large area LCD and of a photomask used in manu-
facturing the large area LCD is urgently required.
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[0008] As to a conventional pattern inspection apparatus, it
is known that an optical image obtained by imaging a pattern
formed on a target object or “sample”, such as a lithography
mask, is compared with design data or an optical image
obtained by imaging an identical pattern on the target object.
For example, the following is known as pattern inspection
methods: “die to die inspection” method that compares data
of'optical images of identical patterns at different positions on
the same mask, and “die to database inspection” method that
inputs, into an inspection apparatus, writing data converted
from pattern-designed CAD data to a format for input to the
writing apparatus when writing a pattern on a mask, generates
a reference image based on the input writing data, and com-
pares the generated reference image with an optical image
serving as measurement data obtained by capturing an image
of'the pattern. According to the inspection method using such
inspection apparatus, a target object is placed on a stage so
that a light flux may scan the object by the movement of the
stage. Specifically, the target object is irradiated with a light
flux by an illumination apparatus and an illumination optical
system. Light transmitted through the target object or
reflected therefrom is focused on a sensor through the optical
system. An image captured by the sensor is transmitted as
measurement data to a comparison circuit. In the comparison
circuit, after position alignment of the images, the optical
image and the reference image are compared in accordance
with an appropriate algorithm. If the images do not match, it
is judged that a pattern defect exists.

[0009] As an illumination light of a pattern inspection
apparatus which inspects a defect of a fine pattern as
described above, it becomes necessary to use light in the
ultraviolet region. Then, for generating an ultraviolet light, a
wavelength conversion light source apparatus is needed
which performs wavelength conversion by letting a funda-
mental wave pass through a nonlinear crystal to generate a
light with a shorter wavelength.

[0010] However, if a nonlinear crystal is continuously irra-
diated with ultraviolet rays for a long time, optical damage
will occur on the surface of the nonlinear crystal, and then a
wavelength converted output (power of an ultraviolet ray
having a converted wavelength) will be reduced. Therefore,
when occurrence of optical damage on the nonlinear crystal
surface is noticed, conventionally, the position of light irra-
diated onto the nonlinear crystal is shifted.

[0011] FIG. 111is aschematic diagram showing how to shift
anirradiated position concerned. FIG. 11 shows the surface of
anonlinear crystal 80, which is irradiated with a fundamental
wave, for converting a wavelength. In the figure, a spot size 82
indicates a size including 86% of the energy of a radiating
fundamental wave. A region 84 indicates a size having a
diameter twice as long as that of the spot size and including
99.7% of the energy of the radiating fundamental wave. If the
fundamental wave continuously irradiates a certain point for
a long time, the optical damage mentioned above occurs not
only in the spot size 82 but also in the entire region 84 being
larger than the spot size. Therefore, even when the fundamen-
tal wave passes through the region 84, a wavelength converted
output will be reduced.

[0012] FIG. 12 shows a relation between a wavelength con-
verted output and time concerned. As mentioned above, when
a certain point is continuously irradiated with a fundamental
wave for along time, the wavelength converted output will
decrease. As shown in the example of FIG. 12, the wavelength
converted output gradually decreases as time passes from the
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irradiation starting. Therefore, as a conventional usage, the
whole crystal which is kept in a phasing state is moved in
parallel every 10 hours to a position where there is no influ-
ence of the deterioration as shown in FIG. 11. Thus, it has
been repeated to restore the wavelength converted output by
shifting the irradiation position of a fundamental wave every
10 hours, for example, and to continue the irradiation until the
surface of the crystal deteriorates. Therefore, as shown in
FIG. 12, the output characteristic shows a shape like a saw
blade to return the output to the original intensity every 10
hours, for example. The continuous radiation time varies
depending upon the type etc. of the nonlinear crystal, and it is
acceptable to move the irradiated position every 24 hours, for
example.

[0013] Conventionally, a method is known in which a trans-
portation means (crystal shifter function) is provided in the
mount of the wavelength conversion nonlinear crystal in
order to deviate the light path from a deteriorated part of the
crystal. For example, a crystal shifter is built in some DUV
light source products (for example, refer to a coherent laser
catalog in 2001). Further, a proposal has been made to change
a light path in the crystal in order to inhibit the change of the
output power and the beam shape (refer to, e.g., Japanese
Patent Application Laid-Open (JP-A) No. 2000-252570), and
however, its substantial function is quite the same as that of
the crystal shifter.

[0014] WhenaKTP crystal of 5 square mm, for example, is
used as the nonlinear crystal 80, since the edge cannot be
used, an effective section is 4 square mm. If specifying the
spread angle of the fundamental wave to be 0.5 mrad (full
angle) and the focal length of the condenser lens to be 250
mm, the diameter of the spot size on the KTP crystal will be
0.125 mm. For moving the crystal in parallel to a position
having no influence of crystal degradation caused by the
optical damage mentioned above, it is necessary to perform
parallel translation of three times the spot size 82. That is, it is
needed to move 0.375 mm every 10 hours. In the effective
region of 4 square mm, it is possible to move the crystal to
eleven points in lengthwise and crosswise. In the case of all
the eleven points being used, if the output is restored every 10
hours as shown in FIG. 11, the crystal has to be exchanged
after being continuously used for 1210 hours (for about 50
days).

[0015] When the inventors observed the surface of the crys-
tal after using it in the above way, it was found out that there
was a trace after being used at each point and an influence
layer caused by the degradation had been formed on the
surface. Because of this, it was also found out that the crystal
has to be exchanged when all the points have been used.

[0016] Conventionally, as mentioned above, performance
degradation is prevented by avoiding deteriorated points by
performing a periodical step movement further larger than a
region which is larger than the spot size of a fundamental
wave. However, in such an operation, since the fundamental
wave radiates the same position for a longtime, a wavelength-
converted light is generated, thereby producing optical dam-
age at the position used. Then, a trace of the radiation remains
and a poor surface whose influence layer part is larger than the
spot size is produced on the crystal surface. Therefore, there
is a problem that one continuous radiation makes a broad
range unusable and then, in shifting the irradiated position,
the region to be used is limited depending upon the area of the
surface of the crystal. Moreover, it is also a problem that,
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because of temporal (time-course) degradation of each posi-
tion, the output characteristic after shifting changes as time
passes.

[0017] In addition, as to a nonlinear crystal, there is dis-
closed a technique in which degradation of a crystal is
restored by performing an annealing treatment under certain
conditions before incurring optical damage on the surface of
the crystal (refer to, e.g., Japanese Patent No. 4109869).

BRIEF SUMMARY OF THE INVENTION

[0018] Inaccordance with one aspect of the present inven-
tion, a wavelength conversion light source apparatus includes
a fundamental wave light source configured to emit a funda-
mental wave, a nonlinear crystal configured to convert a
wavelength of the fundamental wave by being irradiated with
the fundamental wave and making the fundamental wave pass
therethrough, and a movement unit configured to place the
nonlinear crystal thereon and continuously move the nonlin-
ear crystal within a plane, where a phase matching condition
is not violated, so that a passage path of the fundamental wave
passing through the nonlinear crystal is changed.

[0019] In accordance with another aspect of the present
invention, a wavelength conversion light source apparatus
includes a fundamental wave light source configured to emit
afundamental wave, a nonlinear crystal configured to convert
a wavelength of the fundamental wave by being irradiation
with the fundamental wave and making the fundamental wave
pass therethrough, and a movement unit configured to place
the nonlinear crystal thereon and move the nonlinear crystal
by a distance equal to or less than a spot size of the funda-
mental wave per movement within a plane, where a phase
matching condition is not violated, so that a passage path of
the fundamental wave passing through the nonlinear crystal is
changed.

[0020] Moreover, in accordance with another aspect of the
present invention, a wavelength conversion method includes
converting a wavelength of a fundamental wave by irradiating
anonlinear crystal with the fundamental wave and by making
the fundamental wave pass through the nonlinear crystal, and
while the nonlinear crystal is irradiated with the fundamental
wave, continuously moving the nonlinear crystal within a
plane, where a phase matching condition is not violated, so
that a passage path of the fundamental wave passing through
the nonlinear crystal is changed.

[0021] Furthermore, in accordance with another aspect of
the present invention, a wavelength conversion method
includes converting a wavelength of a fundamental wave by
irradiating a nonlinear crystal with the fundamental wave and
by making the fundamental wave pass through the nonlinear
crystal, and while the nonlinear crystal is irradiated with the
fundamental wave, moving the nonlinear crystal by a distance
equal to or less than a spot size of the fundamental wave per
movement within a plane, where a phase matching condition
is not violated, so that a passage path of the fundamental wave
passing through the nonlinear crystal is changed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] FIG.1is a schematic diagram showing the structure
of'a wavelength conversion light source apparatus according
to Embodiment 1;

[0023] FIG. 2 is a schematic diagram for explaining how to
move the irradiation position according to Embodiment 1;
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[0024] FIG. 3 shows a relation between a wavelength con-
verted output and time according to Embodiment 1;

[0025] FIG. 4 shows an example of the pathway (track) of
an irradiated position on the surface of a nonlinear crystal
according to Embodiment 1;

[0026] FIG. 5 shows another example of the pathway
(track) of an irradiated position on the surface of a nonlinear
crystal according to Embodiment 1;

[0027] FIG. 6 is a schematic diagram showing the structure
of'a wavelength conversion light source apparatus according
to Embodiment 2;

[0028] FIG.7 is a schematic diagram showing the structure
of'a wavelength conversion light source apparatus according
to Embodiment 3;

[0029] FIG. 8 shows anexample of the track of an irradiated
position according to Embodiment 3;

[0030] FIG.9is aschematic diagram showing the structure
of'a wavelength conversion light source apparatus according
to Embodiment 4;

[0031] FIG.101is a schematic diagram showing a part of the
structure of a wavelength conversion light source apparatus
for explaining a method of detecting a malfunction by using
a probe light;

[0032] FIG. 11 is a schematic diagram for explaining how
to shift an irradiated position concerned; and

[0033] FIG.12 shows arelation between a wavelength con-
verted output and time concerned.

DETAILED DESCRIPTION OF THE INVENTION

[0034] Hereafter, a wavelength conversion light source
apparatus in which the life of a nonlinear crystal used for
wavelength conversion can be lengthened, and a method
thereof will be described in each Embodiment.

Embodiment 1

[0035] FIG.1is aschematic diagram showing the structure
of'a wavelength conversion light source apparatus according
to Embodiment 1. In FIG. 1, a wavelength conversion light
source apparatus 100 includes a fundamental wave light
source 10, a condenser lens 12, a nonlinear crystal 14, a
collimating lens 16, a heat sink 18, a y-axis stage 30, a y-axis
motor 32, an x-axis stage 34, an x-axis motor 36, and a control
circuit 38. The fundamental wave light source 10 includes a
resonator (not shown) inside it. Therefore, the wavelength
conversion light source apparatus 100 shown in FIG. 1 serves
as an example of a light source apparatus which performs
wavelength conversion outside the resonator. The fundamen-
tal wave light source 10, the y-axis motor 32, and the x-axis
motor 36 are controlled by the control circuit 38. Moreover,
the heat sink 18 is configured in the y-axis stage 30 and x-axis
stage 34, and the nonlinear crystal 14 is arranged in the heat
sink 18. The heat sink 18 makes the temperature of the crystal
have a good heat conduction and be constant. For example,
the crystal is mounted on a copper block in which a heater is
embedded on the Peltier device. Thus, a crystal element may
be mounted on a copper block, or it is preferable, while
keeping a light path, to embed a crystal in a copper block of a
slot-like shape and embed a heater in the copper block. Alter-
natively, it is also preferable to provide a channel instead of
the heater. In the case of emitting a coherent light with a
wavelength of 532 nm as a second harmonic while using a
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KTP crystal as a nonlinear crystal 14, it is preferable to
control the temperature of a copper block to be about 100
degrees C.

[0036] The fundamental wave light source 10 emits a fun-
damental wave 20. The fundamental wave 20 output from the
fundamental wave light source 10 irradiates the nonlinear
crystal 14 for wavelength conversion placed under the phase
matching conditions of generation of the second harmonic by
using the condenser lens 12. The nonlinear crystal 14 irradi-
ated and penetrated with the fundamental wave 20 converts
the wavelength of the fundamental wave 20 in order to emit a
second harmonic 22. The emitted second harmonic 22 is
returned to a parallel light by the collimating lens 16 and is
output outside. By this, it is possible to obtain an ultraviolet
light whose wavelength has been converted.

[0037] For example, itis preferable to use Nd: YAG laser of
an average output 100 W, a pulse width 100 ns and a repeat
frequency 5 kHz, as the fundamental wave light source 10.
When this laser is used, 50 W of light with a wavelength of
532 nm can be obtained as a second harmonic output. A KTP
crystal can be used as the nonlinear crystal 14 for such wave-
length conversion.

[0038] In addition, for example, when CLBO is used as the
nonlinear crystal 14, if 532 nm light being the second har-
monic of Nd: YAG laser is used as the fundamental wave 20,
266 nm light being the second harmonic of the 532 nm light
is emitted by irradiating the nonlinear crystal 14 with the
fundamental wave 20. Alternatively, when BBO is used as the
nonlinear crystal 14, it is preferable to generate a third har-
monic of an Alexandrite laser, namely to generate a sum
frequency of a second harmonic of an Alexandrite laser and a
fundamental wave.

[0039] If continuously irradiating the nonlinear crystal 14
with the fundamental wave 20 as it is, a wavelength converted
output decreases as time passes because degradation caused
by optical damage occurs on the crystal surface as mentioned
above. Therefore, in Embodiment 1, the position of irradia-
tion of the fundamental wave 20 onto the nonlinear crystal 14
is moved as follows: That is, the nonlinear crystal 14 is moved
by continuous movement within a plane where the phase
matching condition is not violated so that the passage path of
the fundamental wave 20 passing through the nonlinear crys-
tal 14 may be changed. Alternatively, the nonlinear crystal 14
is moved by step movement by a distance equal to or less than
the spot size of the fundamental wave 20 per movement
within a plane where the phase matching condition is not
violated. The y-axis stage 30 moves the nonlinear crystal 14
in the y-axis direction by the drive of the y-axis motor 32
controlled by the control circuit 38, and the x-axis stage 34
moves the nonlinear crystal 14 in the x axis direction by the
drive of the x-axis motor 36. Therefore, the y-axis stage 30
and the x-axis stage 34 are examples of a movement unit for
moving the nonlinear crystal 14. In this case, the optical axis
direction is defined as the z-axis, and directions perpendicu-
larly intersect with the z-axis are he x-axis and the y-axis.
[0040] At this point, the inventors found out that optical
damage does not occur on the surface of the crystal by con-
tinuously moving the nonlinear crystal 14. Moreover, simi-
larly, it is found out that the wavelength converted output does
not decrease even when time passes. Furthermore, it is found
out that this phenomenon similarly occurs even in the case of
moving the nonlinear crystal 14 by step movement by a dis-
tance less the spot size of the fundamental wave 20 per pre-
determined period.
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[0041] FIG. 2 is a schematic diagram for explaining how to
move the irradiation position according to Embodiment 1.
First, when the fundamental wave 20 irradiates a certain
point, a light path defect 44a inside the nonlinear crystal 14
occurs at the central part of a spot size 40a by the irradiation.
The light path defect 44a is assumed to be an electronic defect
or color center generation, etc., because there is no scar, such
as a physical crack, unlike the optical damage produced on
the crystal surface. That is, the light path defect 444 inside the
crystal occurs in the range smaller than the spot size 40a
including 86% of the energy of the fundamental wave 20. In
other words, the light path defect 444 inside the crystal first
occurs near the top of an energy intensity distribution 46a of
the fundamental wave 20, namely first occurs at the portion
where the energy intensity is very high. Even more, the light
path defect 444 inside the crystal does not occur in a region
42a including 99.7% of the energy of the irradiating funda-
mental wave. At this stage, the temporal decrease of the
wavelength converted output has not started yet. Then, it can
be assumed that if the irradiation is further continued from
this state, the wavelength converted output will begin
decreasing as time passes even though the light path defect 44
exists inside the crystal. Furthermore, if the irradiation is
continued and exceeds a threshold value, optical damage on
the surface of the crystal will occur and spread at an acceler-
ated pace from the produced point of the light path defect 44a.
Consequently, a range equal to or greater than twice as large
as the spot size becomes unusable like a conventional case.
Then, in Embodiment 1, an accelerating spread of the unus-
able region is prevented by shifting the position of the irra-
diation of the fundamental wave 20 onto the nonlinear crystal
14, before the temporal decrease of the wavelength converted
output (power of the fundamental wave 20 having a converted
wavelength) begins and the crystal surface suffers from the
optical damage. Thereby, it is possible to prevent the temporal
decrease of the wavelength converted output and to make the
unusable region on the surface of the nonlinear crystal 14
small.

[0042] Furthermore, the inventors found out that, depend-
ing upon the type of the nonlinear crystal 14 and conditions in
manufacturing the nonlinear crystal 14, the light path defect
44a is restored when the part of the light path defect 44a
produced inside the crystal is irradiated with an energy
smaller than energy of around the top of the energy intensity
distribution 464 of the fundamental wave 20. That is, the
shifting should be performed not by largely moving the irra-
diation position like a conventional case, but by moving it by
a distance less than or equal to the spot size of the fundamen-
tal wave 20. By this, the light path defect 44a which was
produced by the irradiation before the movement stays within
aregion 425 including 99.7% of the energy of the fundamen-
tal wave after the movement. Further, by this, the part where
the light path defect 44a is produced receives radiation of
energy weaker than the energy causing the light path defect
44a. Owing to the irradiation of such weak energy, the light
path defect 444 inside the crystal can be restored. Itis thought
that such restoration phenomenon by the weak energy irra-
diation results from the effect of self-annealing.

[0043] Theabove shows that the output characteristic of the
crystal which has been once deteriorated can be restored by
annealing after the deterioration if the degree of the deterio-
ration is not so high as to give optical damage to the crystal
surface. That is, it is thought that a crystal defect (light path
defect), which causes absorption/generation etc., is annealed
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to be restored by irradiation of the fundamental wave 20 or a
wavelength converted light at an early stage before incurring
optical damage. Moreover, the inventors have confirmed that
this phenomenon is effective not only to the second harmonic
generation of Nd:YAG laser by a KTP crystal but to a wave-
length conversion by other nonlinear crystals.

[0044] The energy used for restoration should just be
weaker than the energy causing the light path defect 44a.
Therefore, even if the position is within the spot size 40a
including 86% of the energy of the fundamental wave 20, it is
acceptable as long as the radiating energy is weaker than the
energy causing the light path defect 44a. The value of energy
used for the restoration varies depending upon the type of the
nonlinear crystal 14 and conditions in the manufacture pro-
cess, etc., and a suitable range may be set for each of values.
Based on the setting result, a movement distance of one step,
a step waiting time period, and a moving speed of a continu-
ous movement may be set so that such a restoration effect can
be acquired. For example, it is preferable for the unit distance
of a step movement to be a value from 1 um to 15 pm.
[0045] Although a light path defect 445 inside the crystal
similarly occurs in the central part after moving, this defect
445 will be similarly restored by the next movement. As
mentioned above, when it is possible to restore the light path
defect 444, exchanging the nonlinear crystal 14 because of
the optical damage on the crystal surface, which has been
performed conventionally, becomes unnecessary.

[0046] Itis also preferable to place a partial reflecting mir-
ror (not shown) whose reflectance is 1% at the output side of
the second harmonic in order to monitor a wavelength con-
verted output. Then, when the control circuit 38 inputs a
monitor value of the output (power) after wavelength conver-
sion and the output after the wavelength conversion begins to
decrease as time passes, it is also acceptable to accelerate the
moving speed of the nonlinear crystal 14. According to an
experiment by the inventors, as to a certain point of the
nonlinear crystal 14, when to/hour of a wavelength converted
output decreases at the crystal moving speed used conven-
tionally, the decrease of the wavelength converted output can
be prevented by enhancing the moving speed to be twice. This
moving speed can be controlled by employing an algorithm
which finds an optimal speed by varying a speed until the
output decrease tendency disappears. As mentioned above, it
is also preferable to set the moving speed by using an obser-
vation value of a wavelength converted output.

[0047] FIG. 3 shows a relation between a wavelength con-
verted output and time according to Embodiment 1. In the
structure shown in FIG. 1, when continuously moving the
stage on which the nonlinear crystal 14 is placed every 10
minutes by 0.002 mm of a unit moving distance of the pulse
motor, a temporal decrease of the wavelength converted out-
put caused by the KTP crystal used as the nonlinear crystal 14
is hardly seen as shown in the output temporal characteristic
in FIG. 3. At this time, no trace of use is observed on the KTP
crystal surface.

[0048] FIG. 4 shows an example of the pathway (track) of
an irradiated position on the surface of the nonlinear crystal
according to Embodiment 1. When using the nonlinear crys-
tal 14 whose light path defect 44 inside the crystal can be
restored as mentioned above, the same position of the non-
linear crystal 14 can be used for wavelength conversion a
plurality of times by controlling the crystal placing stage so
that a movement pathway 24 of the irradiation position of the
fundamental wave 20 may be a closed pathway (track) having
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no end part, such as an ellipse as shown in FIG. 4. As a result,
the life of the nonlinear crystal 14 can be extended greatly.
Moreover, for example, when continuously moving the non-
linear crystal 14, it is difficult to make a curve at a steep angle.
Therefore, if the movement pathway 24 of the irradiation
position of the fundamental wave 20 includes a curved line,
such as an ellipse, the continuous movement will be per-
formed easily.

[0049] According to an experiment by the inventors, no
crystal degradation was observed when the crystal was
always moved along the elliptical pathway as shown in FIG.
4. Having no output decrease caused by crystal degradation,
the KTP crystal becomes a level of fault resulting from other
factors such as the excitation light source, thereby being no
longer a consumable component.

[0050] FIG. 5 shows another example of the pathway
(track) of the irradiated position on the surface of the nonlin-
ear crystal according to Embodiment 1. If using the nonlinear
crystal 14 whose light path defect 44 inside the crystal cannot
berestored, it is preferable to control the crystal placing stage,
for example, so that a movement pathway 26 of the irradiation
position of the fundamental wave 20 may be a line drawn with
a single stroke including a curved line as shown in FIG. 5.
Moreover, for example, when continuously moving the non-
linear crystal 14, since it is difficult to make a curve at a steep
angle, if the movement pathway 24 of the irradiation position
of the fundamental wave 20 includes a curved line, the con-
tinuous movement will be performed easily. Moreover, in
Embodiment 1, even if the nonlinear crystal 14 whose light
path defect 44 inside the crystal cannot be restored is used,
unlike the conventional case, the unusable portion on the
surface of the nonlinear crystal 14 is not twice as large as the
spot size. Therefore, it is possible to make the area of the
surface of the nonlinear crystal 14 to be used for wavelength
conversion larger than the conventional case. Thus, even
when a used point is not reused, the life of the nonlinear
crystal 14 can be extended longer than the conventional case.

Embodiment 2

[0051] The light source apparatus which performs wave-
length conversion outside the resonator is described in
Embodiment 1, and however, it is not limited to this. In
Embodiment 2, there will be described a structure which
performs wavelength conversion inside the resonator. Con-
tents except for the below-described points are the same as
Embodiment 1.

[0052] FIG. 6 is a schematic diagram showing the structure
of'a wavelength conversion light source apparatus according
to Embodiment 2. In FIG. 6, the wavelength conversion light
source apparatus 100 includes a laser active medium 60, high
reflecting mirrors 62 and 66, an output coupling mirror 64, the
nonlinear crystal 14, the heat sink 18, the y-axis stage 30, the
y-axis motor 32, the x-axis stage 34, the x-axis motor 36, and
the control circuit 38. The resonator is composed of the high
reflecting mirrors 62 and the output coupling mirror 64 which
are arranged to have a resonator length. The fundamental
wave light source is composed of the laser active medium 60,
the high reflecting mirrors 62 and 66, and the output coupling
mirror 64. The nonlinear crystal 14 is arranged between the
high reflecting mirror 62 and the output coupling mirror 64
which structure the resonator. Therefore, the wavelength con-
version light source apparatus 100 shown in FIG. 6 serves as
an example of the light source apparatus which performs
wavelength conversion inside the resonator. Radiating light
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emitted from the laser active medium 60 resonates between
the high reflecting mirror 62 and the output coupling mirror
64 through the high reflecting mirror 66, to be an induced
emission light 21. The induced emission light 21 irradiates
the nonlinear crystal 14 placed under the phase matching
condition of the second harmonic generation. Then, irradi-
ated with the induced emission light 21 being a fundamental
wave, the nonlinear crystal 14 makes the induced emission
light 21 pass therethrough and converts the wavelength of the
induced emission light 21 to generate a second harmonic 23.
Then, a part of the generated second harmonic 23 is output
from the output coupling mirror 64. By this, it is possible to
obtain an ultraviolet light whose wavelength has been con-
verted.

[0053] In the case of performing wavelength conversion
inside a resonator, if the nonlinear crystal 14 is continuously
irradiated with the induced emission light 21 as it is, similarto
Embodiment 1, deterioration caused by optical damage
occurs on the crystal surface as mentioned above, and the
wavelength converted output will decrease as time passes.
Also in Embodiment 2, the irradiation position of the induced
emission light 21 onto the nonlinear crystal 14 is moved
similarly to Embodiment 1. That is, the nonlinear crystal 14 is
continuously moved within a plane where the phase matching
condition is not violated so that the passage path of the
induced emission light 21 passing through the nonlinear crys-
tal 14 may be changed. Alternatively, the nonlinear crystal 14
is moved by step movement by a distance equal to or less than
the spot size of the induced emission light 21 per movement
within a plane where the phase matching condition is not
violated. The method, speed, etc. of the movement are the
same as those of Embodiment 1.

[0054] As mentioned above, also when performing wave-
length conversion in the resonator, the same effect as that of
Embodiment 1 can be acquired by moving the nonlinear
crystal similarly to Embodiment 1.

Embodiment 3

[0055] In Embodiment 1, it is described that the nonlinear
crystal is moved so that the movement pathway may become
the line as shown in FIGS. 4 and 5. Moreover, this can also be
applied to Embodiment 2. However, with respect to homoge-
neity of the nonlinear crystal 14, it has been found out that
there are some deteriorated portions 50 where the wavelength
conversion characteristic decreases as shown in FIG. 4
because of the influence of growing the crystal and process-
ing/polishing the crystal as a wavelength conversion element.
If setting a movement pathway of an irradiated position with-
out taking this deteriorated portion 50 into consideration, the
deteriorated portion 50 may be located on the movement
pathway 24 of the irradiated position. If the deteriorated por-
tion 50 is irradiated with the fundamental wave, the wave-
length converted output will decrease.

[0056] InEmbodiment 3, there will be explained the struc-
ture in which it is set so that the deteriorated portion 50 where
the wavelength conversion characteristic decreases may not
be located on the movement pathway of the irradiated posi-
tion.

[0057] FIG. 7 is a schematic diagram showing the structure
of'a wavelength conversion light source apparatus according
to Embodiment 3. In FIG. 7, the wavelength conversion light
source apparatus 100 is the same as that in FIG. 6 except for
the addition of a probe light emission unit 70 (an example of
aprobe light source), a parallel plate 72, and a scattering light
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detection monitor 74, and the replacement of the high reflect-
ing mirror 66 with a probe light introducing mirror 67. It
should be understood that since the probe light introducing
mirror 67 is inside the resonator, a radiating light, the induced
emission light 21 and the second harmonic 23 are reflected
onto the optical axis in the resonator.

[0058] In Embodiment 3, the deteriorated portion 50 of the
nonlinear crystal 14, where a wavelength converted output
decreases, is specified by irradiating a probe light 71 onto the
nonlinear crystal 14. The probe light 71 emitted from the
probe light emission unit 70 passes through the parallel plate
72 and the probe light introducing mirror 67 inside the reso-
nator to irradiate the nonlinear crystal 14. When moving the
nonlinear crystal 14, if the probe light 71 irradiates the dete-
riorated portion 50, the probe lights 71 scatters a light to be
detected by the scattering light detection monitor 74. Thus,
the deteriorated portion 50 where the wavelength conversion
characteristic decreases can be specified by regarding a point
of a scattering light detected by the scattering light detection
monitor 74, as the deteriorated portion 50.

[0059] If alaser light of a wavelength unrelated to oscilla-
tion of the resonator is used, the probe light 71 will tend to
easily detect malfunctions. That is, using Nd doped YAG as an
active material, a fundamental wave oscillates at 1064 nm and
light of 532 nm is generated as a second harmonic. When a
KTP crystal is used as the nonlinear crystal 14, a 630 nm laser
diode can be output as the probe light 71. The probe light
emission unit 70 of FIG. 7 can be composed by unifying the
luminescence unit of the laser diode and the collimator for the
output into one.

[0060] As the first method, before performing wavelength
conversion of a fundamental wave by the wavelength conver-
sion light source apparatus 100, the surface of the nonlinear
crystal 14 is scanned with the probe light 71 by moving the
stage on which the nonlinear crystal 14 is placed at a speed
higher than that in operation. Whether there is a malfunction
point or not is investigated using an output light of the probe
light 71 from the nonlinear crystal 14, and stage controlling is
programmed so that the deteriorated portion 50 may be
avoided. For example, in the case of forming an ellipse track
as shown in FIG. 4, it is also acceptable to change the major
axis and the minor axis of the ellipse before moving to the
deteriorated portion 50 in order to avoid a malfunction point.
In the case of using a circular track, it is possible to perform
a stable wavelength conversion when operating, by changing
the radius of the circular track so that the deteriorated portion
50 may be avoided when operating. Furthermore, in the case
that a track overlaps with a portion where the wavelength
converted output is lower than that of the other portion, it is
acceptable to make the crystal moving speed faster only at the
portion mentioned above so that the influence thereof may be
the minimum. According to an experiment by the inventors, it
has been found out that the influence can be minimized by
speeding up the crystal moving speed.

[0061] Therefore, it is preferable to specify the deteriorated
portion 50 of the nonlinear crystal 14 beforehand by scanning
using a probe beam and then to set an ellipse track as shown
in FIG. 4 not to include the specified portion in the movement
pathway of the irradiated position. Owing to this, a stable
wavelength conversion can be performed, thereby obtaining a
stable output.

[0062] Moreover, in the case of an elliptic track as the
pathway for example, it is acceptable, before performing
wavelength conversion of a fundamental wave in the wave-
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length conversion light source apparatus 100, to specify the
deteriorated portion 50 of the nonlinear crystal 14 beforehand
by scanning using the probe light 71, and to change the major
axis and the minor axis of the ellipse before moving to the
deteriorated portion 50.

[0063] Thus, it is acceptable to specify all the deteriorated
portions 50 of the nonlinear crystal 14 beforehand by scan-
ning all over the irradiated surface of the nonlinear crystal 14
by using the probe beam 71 before performing wavelength
conversion of the fundamental wave in the wavelength con-
version light source apparatus 100 by the first method men-
tioned above, and however, it is not limited to this. As a
second method, while performing wavelength conversion of
the fundamental wave in the wavelength conversion light
source apparatus 100, the deteriorated portion 50 of the non-
linear crystal 14 may be specified in real time.

[0064] According to the second method, as shown in FIG.
7, the optical axis of the probe light 71 is shifted (offset) to
have a path precedent to the optical axis of the fundamental
wave. By controlling the posture of the parallel plate 72, the
probe light 71 is always controlled to be at a position prece-
dent to the irradiation position of the fundamental wave.
When a scattering light is generated by the precedent probe
light 71 and the scattering light is detected by the scattering
light detection monitor 74, the major axis or the radius of an
elliptic track is changed so that the wavelength conversion
optical axis may not pass through the position of the scatter-
ing light detected.

[0065] FIG. 8 shows anexample of the track of an irradiated
position according to Embodiment 3. As shown in FIG. 8,
when the deteriorated portion 50 of the nonlinear crystal 14 is
detected by the preceding probe light 71 to be on the track 28
of the irradiation position of the fundamental wave onto the
nonlinear crystal 14, the track is changed to a track 29 so that
the deteriorated portion 50 may be avoided. This change can
be controlled by the movement of the y-axis stage 30 which
moves the nonlinear crystal 14 in the y-axis direction by the
drive of the y-axis motor 32 controlled by the control circuit
38, and by the movement of the x-axis stage 34 which moves
the nonlinear crystal 14 in the x axis direction by the drive of
the x-axis motor 36. By this operation, the portion where
scattering occurred can be avoided.

[0066] Inthis example, in order to newly search a malfunc-
tion point in the crystal during the operation of the light
source, a probe beam is prepared before the optical axis in the
resonator passes through the crystal. Then, the track is
changed as shown in FIG. 8 so that the portion judged to be
malfunctioning by the probe beam may be avoided to con-
tinue the operation of the wavelength conversion light source.
In the example of FIG. 7, a probe beam of a different wave-
length is introduced from the backside of the bending mirror
in the resonator.

[0067] Moreover, in the same structure as that of FIG. 7, it
is also preferable to avoid a malfunction portion while check-
ing a transparent wave surface by assembling an interferom-
eter using a probe light. Such an algorithm is particularly
effective when malfunction portions of the crystal are dotted
as shown in FIG. 8.

[0068] As mentioned above, decrease of the wavelength
converted output is avoidable by previously specifying a dete-
riorated portion by using a probe light.

Embodiment 4

[0069] InEmbodiment 3, the case is described in which the
function of specifying a deteriorated portion in advance by
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using a probe light is installed in the light source apparatus
which performs wavelength conversion inside the resonator,
and however, it is not limited to this. In Embodiment 4, there
will be explained a structure in which a function of specitying
a deteriorated portion in advance by using a probe light is
installed in the structure which performs wavelength conver-
sion outside the resonator. Embodiment 4 is the same as
Embodiment 1 except for the points described below.

[0070] FIG.9 is a schematic diagram showing the structure
of'a wavelength conversion light source apparatus according
to Embodiment 4. In FIG. 9, the wavelength conversion light
source apparatus 100 is the same as that in FIG. 1 except for
further adding the probe light emission unit 70 (an example of
a probe light source), the parallel plate 72, a probe light
introducing mirror 76, and the scattering light detection
monitor 74 to the structure of FIG. 1.

[0071] In Embodiment 4, similarly to Embodiment 3, the
deteriorated portion 50 of the nonlinear crystal 14, where a
wavelength converted output decreases, is specified by irra-
diating the probe light 71 onto the nonlinear crystal 14. The
probe light 71 emitted from the probe light emission unit 70
passes through the parallel plate 72 and is reflected from the
probe light introducing mirror 67 to irradiate the nonlinear
crystal 14. When moving the nonlinear crystal 14, if the probe
light 71 irradiates the deteriorated portion 50, the probe light
71 scatters a light to be detected by the scattering light detec-
tion monitor 74. Thus, the deteriorated portion 50, where the
wavelength conversion characteristic decreases, can be speci-
fied by regarding the portion of the scattering light detected
by the scattering light detection monitor 74 as the deteriorated
portion 50. It should be understood that the probe light intro-
ducing mirror 67 makes the fundamental wave 20 pass to the
nonlinear crystal 14 side.

[0072] Both the first and second methods explained in
Embodiment 3 can also be applied to the structure shown in
FIG. 9. Therefore, in Embodiment 4 as well as Embodiment
3, decrease of the wavelength converted output is avoidable
by previously specifying a deteriorated portion by using a
probe light.

[0073] In Embodiments 3 and 4, the case is described in
which the deteriorated portion 50 is specified by detecting a
scattering light by using the scattering light detection monitor
74, and it is also acceptable to discern a malfunction portion
by preparing a partial reflecting mirror on optically the same
axis in order to detect a change of crystal transmittance of a
probe beam or a beam change.

[0074] FIG.101is a schematic diagram showing a part of the
structure of a wavelength conversion light source apparatus
for explaining a method of detecting a malfunction by using
a probe light. A part of the probe light 71 is reflected by a
partial reflecting mirror 75 arranged at the output side of the
nonlinear crystal 14. Then, by monitoring a change of the
crystal transmittance of the probe light 71 by using a detector
78 and regarding a portion where the crystal transmittance
changes as the deteriorated portion 50, it is possible to specify
the deteriorated portion 50 where the wavelength conversion
characteristic decreases.

[0075] Alternatively, a transparent board arranged at a
Brewster angle is placed as the partial reflecting mirror 75.
This Brewster angle arrangement is P-polarized to the oscil-
lator of the fundamental wave, and a resonator loss is large
enough to be neglected. On the other hand, by using a probe
light in S polarization to the Brewster angle arrangement, a
high reflectance of 15% can be obtained, and the probe light
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71 is introduced into the detector 78. By using a position
sensor as the detector 78, transition of a beam can be dis-
cerned and a malfunction point of a refractive index can be
detected. By using the detector 78 as a power monitor, change
of'a transmission power can be detected and transmittance of
the nonlinear crystal can be monitored. Then, by regarding a
portion of the refractive index malfunction point as a deterio-
rated portion, the deteriorated portion 50 where the wave-
length conversion characteristic decreases can be pinpointed.
[0076] As mentioned above, according to each Embodi-
ment, it is possible to move an irradiated position of the
fundamental wave before the wavelength converted output
temporally decreases and the surface of the nonlinear crystal
incurs optical damage. Moreover, when shifting the irradiated
position, it is possible to restore degradation inside the crystal
produced by a previous irradiation. As a result, the life of the
nonlinear crystal can be greatly extended.

[0077] Referring to specific examples, Embodiments have
been described above. However, the present invention is not
limited to these examples. For example, in FIGS. 6 and 7,
although the output coupling mirror 64 is used as the left end
mirror, it should be understood that another structure is also
acceptable in which the output coupling mirror 64 is used as
a high reflecting mirror and the probe light introducing mir-
rors 67 and 76 serve as an output coupler.

[0078] While description ofthe apparatus structure, control
method, etc. not directly required for explaining the present
invention is omitted, some or all of them may be suitably
selected and used when needed.

[0079] In addition, any other wavelength conversion light
source apparatus, wavelength conversion method, pattern
inspection apparatus and method thereof that include ele-
ments of the present invention and that can be appropriately
modified by those skilled in the art are included within the
scope of the present invention.

[0080] Additional advantages and modification will readily
occur to those skilled in the art. Therefore, the invention in its
broader aspects is not limited to the specific details and rep-
resentative embodiments shown and described herein.
Accordingly, various modifications may be made without
departing from the spirit or scope of the general inventive
concept as defined by the appended claims and their equiva-
lents.

What is claimed is:

1. A wavelength conversion light source apparatus com-
prising:

a fundamental wave light source configured to emit a fun-

damental wave;

a nonlinear crystal configured to convert a wavelength of
the fundamental wave by being irradiated with the fun-
damental wave and making the fundamental wave pass
therethrough; and

a movement unit configured to place the nonlinear crystal
thereon and continuously move the nonlinear crystal
within a plane, where a phase matching condition is not
violated, so that a passage path of the fundamental wave
passing through the nonlinear crystal is changed.

2. The apparatus according to claim 1, wherein the funda-
mental wave light source includes a resonator, and the non-
linear crystal is placed inside the resonator.

3. The apparatus according to claim 1, wherein the funda-
mental wave light source includes a resonator, and the non-
linear crystal is placed outside the resonator.
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4. The apparatus according to claim 1, wherein the nonlin-
ear crystal is moved so that a movement pathway of an irra-
diation position of the fundamental wave irradiating the non-
linear crystal includes a curved line.

5. The apparatus according to claim 1, wherein the nonlin-
ear crystal is moved so that a movement pathway of an irra-
diation position of the fundamental wave irradiating the non-
linear crystal is a closed pathway having no end part.

6. The apparatus according to claim 1, wherein a moving
speed of the nonlinear crystal is a speed at which power of the
fundamental wave having a converted wavelength does not
decrease.

7. The apparatus according to claim 1, further comprising

aprobe light source to emit a probe light with a wavelength
different from the fundamental wave,

wherein the nonlinear crystal is irradiated with the probe
light at a position precedent to an irradiation position of
the fundamental wave irradiating the nonlinear crystal,
and is moved, using the probe light passed through the
nonlinear crystal, so that a deteriorated portion of the
nonlinear crystal where power of the fundamental wave
having a converted wavelength decreases is avoided.

8. A wavelength conversion light source apparatus com-

prising:

a fundamental wave light source configured to emit a fun-
damental wave;

a nonlinear crystal configured to convert a wavelength of
the fundamental wave by being irradiation with the fun-
damental wave and making the fundamental wave pass
therethrough; and

a movement unit configured to place the nonlinear crystal
thereon and move the nonlinear crystal by a distance
equal to or less than a spot size of the fundamental wave
per movement within a plane, where a phase matching
condition is not violated, so that a passage path of the
fundamental wave passing through the nonlinear crystal
is changed.

9. The apparatus according to claim 8, wherein the funda-
mental wave light source includes a resonator, and the non-
linear crystal is placed inside the resonator.

10. The apparatus according to claim 8, wherein the fun-
damental wave light source includes a resonator, and the
nonlinear crystal is placed outside the resonator.

11. The apparatus according to claim 8, wherein the non-
linear crystal is moved so that a movement pathway of an
irradiation position of the fundamental wave irradiating the
nonlinear crystal includes a curved line.

12. The apparatus according to claim 8, wherein the non-
linear crystal is moved so that a movement pathway of an
irradiation position of the fundamental wave irradiating the
nonlinear crystal is a closed pathway having no end part.
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13. The apparatus according to claim 8, wherein a moving
speed of the nonlinear crystal is a speed at which power of the
fundamental wave having a converted wavelength does not
decrease.

14. The apparatus according to claim 8, further comprising

aprobe light source to emit a probe light with a wavelength

different from the fundamental wave,

wherein the nonlinear crystal is irradiated with the probe

light at a position precedent to an irradiation position of
the fundamental wave irradiating the nonlinear crystal,
and is moved, using the probe light passed through the
nonlinear crystal, so that a deteriorated portion of the
nonlinear crystal where power of the fundamental wave
having a converted wavelength decreases is avoided.

15. A wavelength conversion method comprising:

converting a wavelength of a fundamental wave by irradi-

ating a nonlinear crystal with the fundamental wave and
by making the fundamental wave pass through the non-
linear crystal; and
while the nonlinear crystal is irradiated with the fundamen-
tal wave, continuously moving the nonlinear crystal
within a plane, where a phase matching condition is not
violated, so that a passage path of the fundamental wave
passing through the nonlinear crystal is changed.
16. The method according to claim 15, further comprising:
specifying a deteriorated portion of the nonlinear crystal,
where a wavelength converted output decreases, by irra-
diating with a probe light to the nonlinear crystal,

wherein the moving the nonlinear crystal is performed so
that an irradiation position of the fundamental wave
irradiating the nonlinear crystal avoids the deteriorated
portion of the nonlinear crystal.

17. A wavelength conversion method comprising:

converting a wavelength of a fundamental wave by irradi-

ating a nonlinear crystal with the fundamental wave and
by making the fundamental wave pass through the non-
linear crystal; and
while the nonlinear crystal is irradiated with the fundamen-
tal wave, moving the nonlinear crystal by a distance
equal to or less than a spot size of the fundamental wave
per movement within a plane, where a phase matching
condition is not violated, so that a passage path of the
fundamental wave passing through the nonlinear crystal
is changed.
18. The method according to claim 17, further comprising:
specifying a deteriorated portion of the nonlinear crystal,
where a wavelength converted output decreases, by irra-
diating with a probe light to the nonlinear crystal,

wherein the moving the nonlinear crystal is performed so
that an irradiation position of the fundamental wave
irradiating the nonlinear crystal avoids the deteriorated
portion of the nonlinear crystal.
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